Abstract The mesodermally derived normal ovarian surface epithelium (OSE) displays both epithelial and mesenchymal characteristics and exhibits remarkable phenotypic plasticity during post-ovulatory repair. The majority of epithelial ovarian carcinomas (EOC) are derived from the OSE and represent the most lethal of all gynecological malignancies, as most patients (*70%) present at diagnosis with disseminated intra-abdominal metastasis. The predominant pattern of EOC metastasis involves pelvic dissemination rather than lymphatic or hematologic spread, distinguishing EOC from other solid tumors. Acquisition of the metastatic phenotype involves a complex series of interrelated cellular events leading to dissociation (shedding) and dispersal of malignant cells. A key event in this process is disruption of cell-cell contacts via modulation of intercellular junctional components. In contrast to most carcinomas that downregulate E-cadherin expression during tumor progression, a unique feature of primary well-differentiated ovarian cancers is a gain of epithelial features, characterized by an increase in expression of E-cadherin. Subsequent reacquisition of mesenchymal features is observed in more advanced tumors with concomitant loss of E-cadherin expression and/or function during progression to metastasis. The functional consequences of this remarkable phenotypic plasticity are not fully understood, but may play a role in modulation of cell survival in suspension (ascites), chemoresistance, and intraperitoneal anchoring of metastatic lesions. Ovarian tumors are pathologically heterogeneous with four major histotypes: serous, endometroid, clear cell and mucinous. These classifications are histogenetically based on distinct morphologic similarities between each histotype and the variety of columnar epithelia of mullerian derivation normally found in areas of the female genital tract [2, 3] . While the initiating events in ovarian tumor development are poorly understood [4] , recent data support a dualistic model for ovarian tumorigenesis with distinct modes of pathogenesis characterized by specific genetic alterations and unique molecular signatures [5] [6] [7] . Clinically, tumors often involve the ovary and omentum, with diffuse, multi-focal intraperitoneal metastases and malignant ascites [8] . Distribution of exfoliated malignant cells is
Tumors arising from the ovarian epithelium account for *90% of ovarian malignancies and epithelial ovarian carcinoma (EOC) is the leading cause of death from gynecologic malignancy, resulting in approximately 15,280 deaths in the United States alone in 2006 [1] . These distressing statistics are largely due to the low detection rate of disease confined to the ovary (stage 1) when 5-year survival is [90%. Approximately 75% of women are initially diagnosed with disseminated intra-abdominal disease (stage III-IV) and have a 5-year survival of \20%.
Ovarian tumors are pathologically heterogeneous with four major histotypes: serous, endometroid, clear cell and mucinous. These classifications are histogenetically based on distinct morphologic similarities between each histotype and the variety of columnar epithelia of mullerian derivation normally found in areas of the female genital tract [2, 3] . While the initiating events in ovarian tumor development are poorly understood [4] , recent data support a dualistic model for ovarian tumorigenesis with distinct modes of pathogenesis characterized by specific genetic alterations and unique molecular signatures [5] [6] [7] . Clinically, tumors often involve the ovary and omentum, with diffuse, multi-focal intraperitoneal metastases and malignant ascites [8] . Distribution of exfoliated malignant cells is facilitated by the peritoneal fluid, and formation of malignant ascites may further foster metastatic implantation.
The early steps of EOC metastasis involve shedding of the cells from the primary tumor to form free floating cells or multi-cellular aggregates (MCAs) in ascites ( Fig. 1 ). Cell-cell and cell-matrix adhesion molecules mediate interaction of metastasizing tumor cells with mesothelial cells lining the inner surface of the peritoneal cavity and the sub-mesothelial extracellular matrix (ECM). Localized proteolytic degradation of sub-mesothelial ECM components facilitates migration of tumor cells and anchoring of secondary lesions on adjacent pelvic organs, and at later stages, metastasis to distant organs [9, 10] . However, the majority of women with advanced intraperitoneal disease have no clinically apparent hematogenous metastases, implying that a novel mechanism for metastasis is operative in ovarian cancer [11, 12] . As the dissemination of ovarian cancer is largely contained within the peritoneal cavity, processes such as cell adhesion, migration and localized intraperitoneal invasion play a predominant role in ovarian cancer pathobiology (Fig. 1) .
In most carcinomas, metastasis is associated with a dysregulated adhesion phenotype, most typically characterized by loss of epithelial (E)-cadherin. In contrast, EOC is unusual because early stage disease reflects an initial gain of epithelial characteristics including E-cadherin expression. This review will cover the unique classical cadherin profiles apparent in EOC and discuss the potential implications of this phenotypic plasticity in ovarian tumor biology.
Normal and neoplastic ovarian epithelium
To better understand the changes that occur in EOC, it is important to appreciate distinctions between normal ovarian epithelium and other epithelia. In adult humans, the normal ovarian epithelium is a single cell layer separated by a subepithelial basement membrane from an underlying stroma, the tunica albuginea, which is comprised of dense collagenous connective tissue [13] . The ovarian surface epithelium (OSE) displays epithelial and mesenchymal characteristics, expressing both keratin and vimentin filaments (rare in epithelial cells in situ). In tissue culture, OSE cells express epithelial markers including keratin, desmosomes, tight junctions, laminin, basement membrane type IV collagen and apical microvilli, as well as mesenchymal markers such as vimentin and interstitial collagen types I and III [13, 14] . The mesodermally derived OSE expresses unusually low levels of the epithelial cell-cell adhesion molecule E-cadherin [13, 15] , with expression limited to inclusion cysts or deep clefts [16] where early malignant changes are believed to occur [16, 17] . In contrast to other epithelia, OSE epithelial integrity is maintained primarily by neural-(N)-cadherin, consistent with the epithelial-mesenchymal phenotype of this tissue [13, [18] [19] [20] .
OSE cells exhibit remarkable phenotypic plasticity including alterations in cell shape and cell-cell contact as well as loss of epithelial differentiation markers [13, [21] [22] [23] . Such unique phenotypic plasticity suggests that OSE adapts to changes in the cellular microenvironment by transition between epithelial and fibroblastic phenotypes, a characteristic usually limited to immature, regenerating, or neoplastic epithelia. This reversible modulation of ovarian epithelium to a more fibroblastic form occurs during post-ovulatory repair and has been postulated to enhance cell motility and contractility to facilitate wound healing, followed by matrix deposition and associated proliferative responses [13] . It has also been speculated that OSE cells that are trapped within the ovary at ovulation may undergo epithelio-mesenchymal conversion to ovarian stromal fibroblasts to maintain tissue homeostasis [13] .
Aberrant differentiation is an unique aspect of ovarian carcinogenesis, as tumors acquire increasingly complex differentiation reminiscent of the highly specialized epithelia of Mullerian duct origin [24, 25] . Differentiated primary tumor morphologies acquire characteristics of the fallopian tube (serous carcinoma), endometrium (endometroid carcinoma), endocervix (mucinous carcinoma) and vagina (clear cell carcinoma). Thus, unlike most carcinomas that dedifferentiate during neoplastic progression, ovarian carcinomas undergo transition to a more epithelial phenotype early in tumor progression, with subsequent reacquisition of mesenchymal features in advanced tumors. This pattern of epithelial differentiation followed by de-differentiation distinguishes ovarian cancer from other common carcinomas.
Phenotypic plasticity in cancer
Changes in cadherin expression are indicative of the phenotypic plasticity that occurs in epithelial to mesenchymal (EMT) or mesenchymal to epithelial (MET) transitions in the embryo. EMT transforms relatively immobile epithelial cells to motile and invasive cells and this transformation is accompanied by loss of stable cell:cell contacts mediated by E-cadherin and expression of vimentin intermediate filaments (reviewed in [26] ). A similar process is common in cancer where metastatic behavior is frequently associated with a loss of epithelial phenotype and decreased or absent intercellular junctions resulting in loss of polarity and reduced cell:cell adhesion (reviewed in [27] [28] [29] [30] [31] . A hallmark of this transformation is loss of E-cadherin expression and/or function which is clinically associated with poor patient prognosis in many tumors [29] . In certain cases, de novo expression of neural (N)-cadherin is evident in tumors lacking E-cadherin and N-cadherin is frequently used as a marker for the mesenchymal phenotype. Some mechanisms for down-regulation of E-cadherin (i.e., inactivating mutations or promoter hypermethylation) lead to a persistent mesenchymal phenotype [27, 29] .
In recent years, it has become clear that partial or incomplete EMT can occur in tumors whereby cells retain some epithelial features and migrate or invade while maintaining cell:cell contacts [32, 33] . This intermediate phenotype is observed in normal ovarian epithelium [34] , at the invasive front of colon [32] and breast [35] cancer, and in normal epidermal tissue during wound repair [36] . These recent findings suggest that even an ''incomplete'' EMT may contribute to migratory behavior and tumor invasion. In contrast to the well defined events that characterize EMT in development, tumor-associated EMT is currently viewed as a continuum of phenotypic plasticity and gain of mesenchymal characteristics. Interestingly, a recent gene profiling study of the E-cadherin repressors Snail, Slug, and e47 in MDCK cells found more divergence than similarity in their gene expression profiles. This led the authors to conclude that there are different ''EMT programs'' corresponding to different states of epithelial plasticity and that specific pathways contribute to distinct aspects of EMT [37] . Thus, tumor phenotype would likely reflect the particular complement of EMT regulatory factors expressed in cells or within the tumor microenvironment [30, 31, 38] and account for the divergence from a ''classical'' EMT that is frequently observed in cancer.
There are increasing examples of tumor cells reverting to an epithelial phenotype following EMT and retention of epithelial characteristics in highly invasive tumors [30, 33, 39] . Among the tumors where a well-differentiated phenotype may be detected in metastatic lesions are those of the prostate, breast, squamous cell carcinoma of the head and neck, and colorectal cancer [32, 33] . So although an inverse relationship between E-cadherin and invasiveness has been described for many carcinomas, this is not a universal feature of metastatic disease. Microenvironmental factors such as extracellular signals (i.e., growth factors or cytokines) or ECM environment are believed to contribute to epithelial reversion or MET in metastatic lesions [30, 33] . Using colorectal cancer as the paradigm, a ''migrating cancer stem cells'' (MCS-cells) hypothesis has been proposed [32] . Important aspects of MCS cells are their ability to undergo EMT and capacity to differentiate. In the model proposed by Brabletz et al. [32] , colorectal tumor progression is dynamic and characterized by a transient EMT followed by an MET leading to re-differentiation at the metastatic site, and potential reinitiation of EMT in the metastases.
The recognition of reversible EMT or phenotypic plasticity in tumor cells is particularly relevant to ovarian cancer and in keeping with known characteristics of the normal tissue described in Section 2 above. Ovarian cancer appears to follow an MET to EMT during progression, in contrast to the more common pattern of EMT to MET in other carcinomas, thereby illustrating the unique nature of EOC progression. In studies of human ovarian tumors, these phenotypic transitions have been largely defined by changes in adhesion molecule (E-cadherin and N-cadherin) and intermediate filament (keratin versus vimentin) expression. The functional consequences of this phenotypic plasticity with respect to ovarian tumor progression are not currently understood.
Phenotypic plasticity and cadherin expression in EOC

Classical cadherins
Proteins in the classical cadherin superfamily promote homotypic calcium-dependent cell-cell adhesion in epithelia and are essential for regulation of multiple cellular processes including cell segregation, morphogenesis and maintenance of epithelial integrity. Over 30 classical cadherins (also known as type I cadherins) have been described; however the most prevalent are epithelial (E)-cadherin and neuronal (N)-cadherin. E-cadherin is found in adherens junctions of most polarized epithelial cells while N-cadherin is found in neural tissues, cardiac and skeletal muscle, some mesenchymal tissues and mesothelium [40, 41] . Cadherins are comprised of five conserved extracellular tandem repeats, a single pass transmembrane domain and a conserved intracellular catenin binding domain that provides a mechanism for linking cell-cell adhesion to other intracellular structural and signaling complexes [42] . Stable cell-cell adhesions are formed as a consequence of cadherin intracellular domain interactions with beta-or p120-catenin and alpha catenin, which associates with the actin cytoskeleton.
In addition to maintenance of tissue integrity, signal transduction by adherens junction components also occurs via beta-catenin, which plays a dual role as a structural protein at cell-cell junctions and a nuclear transcriptional regulator. E-cadherin is also implicated in regulation of signal transduction through other mediators including Rho family GTPases [43] , phosphatidylinositol 3-kinase (PI3K) [44, 45] , and epidermal growth factor (EGF) receptor [45, 46] , whereas N-cadherin modulates fibroblast growth factor (FGF) receptor signaling [47] as well as the PI3K/Akt pathway [48, 49] . Due to the diverse nature of these dynamic multimolecular interactions, cadherins are properly positioned to functionally integrate cell-cell adhesion with regulation of signal transduction pathways and their associated transcriptional programs to control multiple aspects of cell shape and behavior.
Cadherin expression in EOC
Cell adhesion is essential for tissue cohesion during epithelial remodeling. Dysregulation of adhesion, via alteration in expression and/or function of adhesion molecules, has been implicated in loss of proliferation control and acquisition of a motile, invasive phenotype. Thus, reversible modulation of cellular adhesive events likely plays a critical role in remodeling of the ovarian surface epithelium during tumor progression, resulting in shedding of tumor cells to potentiate intraperitoneal metastasis, invasion and spread (Fig. 2) .
N-cadherin
As discussed above, the OSE is mesodermally derived and displays both epithelial and mesenchymal features in the human adult, characteristic of an uncommitted pleuripotent precursor epithelium [24] . In striking contrast to other epithelia, normal OSE epithelial integrity is maintained primarily by N-cadherin (Fig. 2, [16, 18, 19, 24] ). Constitutive expression of the mesenchymal intermediate filament vimentin as well as connective tissue collagen types I and III further highlights the epithelio-mesenchymal nature of this tissue.
In other tumors, N-cadherin enhances motility even when co-expressed with E-cadherin [48, 50] , but the potential role of N-cadherin expression in ovarian cancer is unclear at this time. There are comparatively few studies that evaluate N-cadherin expression in ovarian tumors. N-cadherin has been detected in benign and borderline tumors [51] as well as malignant effusions [52] . Moderate N-cadherin staining of serous and endometroid tumors has been reported, with mucinous and clear cell tumors demonstrating low or undetectable expression [18, [53] [54] [55] . To date, no relationship between N-cadherin positivity and tumor stage or metastasis has been established [53] . Our data are in agreement with these results, showing positive N-cadherin staining in 33% of tumors analyzed (n = 146) with strong immunoreactivity in 16% (Table 1, Fig. 3 ), predominantly representing serous and endometroid tumors. Similarly, 37% of ovarian tumors also exhibit vimentin immunoreactivity, further highlighting the retention of mesenchymal features in these tissues (Table 1 , Fig. 3 ).
E-cadherin
A unique feature of EOC is that E-cadherin becomes more abundant in primary differentiated ovarian carcinomas [16, 18, 20, 51, 53, [56] [57] [58] [59] , with all histotypes displaying strong immunoreactivity. Our data demonstrate positive E-cadherin staining in 86% of tumors analyzed (n = 146) with strong immunoreactivity in 73%, consistent with a gain of epithelial phenotype (Table 1, Fig. 3) . Similarly, 91% of ovarian tumors also exhibit cytokeratin immunoreactivity (Table 1, Fig. 3 ). This suggests that E-cadherin may play a role in the early events leading to cellular transformation; a hypothesis supported by data showing that introduction of E-cadherin expression is sufficient for transformation of immortalized OSE [19] . Expression of E-cadherin may also interfere with the response of normal OSE to microenvironmental cues [60] . Acquisition of additional epithelial features including altered cell shape, formation of junctional complexes and expression of secretory products such as mucins and CA125 [19] provide further evidence of the mesenchymal-epithelial transition in early ovarian carcinogenesis.
Interestingly, 28% of ovarian tumors in our analysis exhibit simultaneous positive immunoreactivity for both E-and N-cadherin (serous 33%, endometroid 31%, clear cell 11%, mucinous 11%). Cadherin expression profiles of ovarian carcinoma cell lines reflect the heterogeneity observed in primary patient samples (Fig. 4a) (Fig. 4b) , while cells expressing E-cadherin exhibit a typical epithelial appearance and tight colony formation (Fig. 4c) . These findings indicate that established ovarian tumor lines display the different phenotypic states observed in vivo and thus represent suitable in vitro models for more detailed mechanistic studies on the functional impact of the diverse cadherin profiles detected in human disease.
Although enhanced E-cadherin expression is a widely recognized feature unique to well-differentiated ovarian tumors; there is less clarity regarding relative E-cadherin levels during ovarian tumor progression and metastasis. In more advanced, poorly differentiated carcinomas, both absent and persistent E-cadherin expression, have been reported [16, 18, 51, 59] . While complete loss of E-cadherin expression is uncommon, reduced E-cadherin staining is often detected in late stage carcinomas and in ascites-derived tumor cells [59, 61, 62] . Correspondingly, ascites cells may be more invasive than paired solid tumor cells from the same patient [63] . Positive E-cadherin staining is reported to be significantly decreased in stage III/IV versus stage I/II tumors [58] and negative E-cadherin is predictive of poor overall survival [21, 56] . Collectively, these findings suggest that expression of E-cadherin is generally reduced in advanced ovarian tumors [58] . We have evaluated primary serous ovarian tumors and paired metastatic tissue from the same patient for E-and Immunohistochemical analysis was done retrospectively on tumor tissue microarrays (TMAs) prepared by the Pathology Core Facility of the Robert H. Lurie Comprehensive Cancer Center at Northwestern University assembled from tissue originally taken for routine diagnostic purposes. Samples were cut 3-4 lm thick and deparaffinized. The cores were 1 mm in diameter. Immunohistochemical staining was done using standard procedures and analysis was done by light microscopy by an anatomic pathologist (Dr. Brian P. Adley). Scoring was assigned according to the average overall intensity of staining and graded negative (0), weak (1+), moderate (2+) or strong (3+). Staining of\10% of tumor cells was considered negative. TMAs were stained with HECD-1 E-cadherin ectodomain primary antibody; N-cadherin primary antibody (clone 3B9, Zymed), keratin 7 primary antibody (Dako) or vimentin primary antibody (Dako)
N-cadherin immunoreactivity (n = 17). In this analysis, 47% of the primary tumors show strong E-cadherin staining in the primary tumor (8/17), while 25% (2/8) retain strong E-cadherin staining in the metastatic lesion. In contrast, 71% (12/17) of the primary tumors exhibit strongly positive N-cadherin immunoreactivity that is retained in 67% (8/12) of the paired metastatic lesions (Fig. 5) . These data indicate a trend in which N-cadherin, when high in the primary tumor, is retained in the metastatic lesion while E-cadherin expression is more commonly lost in metastasis. While 41% of tumors exhibited some degree of staining for both N-cadherin and E-cadherin (1+, 2+, or 3+ scoring), only 12% (2/17) showed robust staining for both cadherins (data not shown). Overall the combined data strongly suggest that loss of E-cadherin expression or function is a factor in ovarian cancer progression from well-differentiated lesions to poorly differentiated tumors and metastases, while the role of N-cadherin expression has yet to be resolved. While changes in E-cadherin expression during ovarian tumor progression are well documented, understanding the interrelationships between altered cadherin expression and/or function and ovarian cancer metastasis will require further mechanistic analyses.
Regulation of E-cadherin in ovarian tumors
Numerous mechanisms for down-regulation of E-cadherin protein and/or function including promoter methylation, transcriptional repression, mutation of the E-cadherin gene, and protein internalization have been identified in cancer [see reviews [27] [28] [29] [30] [31] [64] [65] [66] . Although control of E-cadherin expression in EOC has not been studied extensively, examples of mechanisms detected in other tumor types have been identified. Somatic mutations in the E-cadherin gene are rare in ovarian carcinomas [56] , but activating mutations of b-catenin are detected in one histologic subtype of ovarian carcinoma, ovarian endometrioid adenocarcinoma Immunohistochemical stains were scored by anatomic pathologist Dr. Brian P. Adley [5, 55, 67, 68] . Methylation of the E-cadherin promoter has been detected in epithelial ovarian neoplasms and associated with reduced E-cadherin protein [69] [70] [71] . A number of transcription factors that are important regulators of EMT in development act as repressors of E-cadherin expression. Elevated expression of several of these factors including Snail, Slug, SIP1 and Twist have been identified in EOC and associated with less favorable patient outcomes [72] [73] [74] [75] [76] . Ectopic expression of Snail, Slug or Twist in ovarian cancer cell lines results in repression of E-cadherin with accompanying EMT, enhanced motility, and invasiveness suggesting that transcriptional regulation of E-cadherin may be operational in EOC [72, 75] . On the other hand, it has been reported that reduced E-cadherin protein level in EOC did not correlate with its mRNA levels, suggesting post-transcriptional regulation of E-cadherin [19] . Post-translational mechanisms for modification of E-cadherin function, for example via altered trafficking or proteolytic processing, have received little attention in ovarian cancer. The potential importance of E-cadherin processing is consistent with published reports demonstrating soluble E-cadherin ectodomain (sE-cad) in peripheral blood, ascites and cystic fluids from ovarian cancer patients [51, 77] . Further, sE-cad concentrations in ovarian cyst fluid have been shown to differentiate benign from malignant tumors [51, 77] . Proteolytic cleavage of the E-cadherin ectodomain, resulting in release of an 80 kDa ectodomain fragment, was first reported in mammary tissue and linked to metalloproteinase activity [78] . Subsequent studies have identified matrix metalloproteinases (MMP)-3 and -7 as well as a disintegrin and metalloproteinase (ADAM)-10 as E-cadherin ectodomain sheddases in mammary cells and keratinocytes [79] [80] [81] . Recent data from our laboratories have shown that aggregation of collagen binding integrins, a key event in intraperitoneal metastasis (Fig. 1) , induces MMP-9 expression and MMP-9-dependent E-cadherin ectodomain shedding [82] (Fig. 6) . Furthermore, our results show a significant elevation in the levels of sE-cad in ascites from women with ovarian cancer (mean 12.24 ± 5.31 lg/ml) compared with ascites from women with ovarian hyperstimulation syndrome or benign ovarian cysts (mean 2.06 ± 1.87 lg/ml) [82] . Concomitant immunoblot analysis demonstrates the presence of the full length 80 kDa E-cadherin ectodomain, whereas lower molecular weight degradation products were not detected.
In contrast to other solid tumors wherein shed E-cadherin ectodomain is released into the circulation, primary ovarian tumors maintain direct contact with sE-cad-rich ascites. This unique microenvironment provides a physiologically relevant model system in which to assess the potential functional contribution of the E-cadherin ectodomain to ovarian cancer pathobiology. To evaluate the effect of sE-cad on endogenous cellular E-cadherin, a recombinant form of the Ecadherin ectodomain (designated hEcad-Fc) was incubated with ovarian cancer cells at concentrations found in human ovarian cancer ascites (12 lg/ml). Our results demonstrate that hEcad-Fc treatment induces changes characteristic of a phenotypic EMT including altered morphology, disruption of cell-cell adhesion with loss of endogenous junctional Ecadherin staining, and increased cell dispersion [82] . These data support a model for increased E-cadherin ectodomain shedding as cells disseminate from primary ovarian tumors and adhere and anchor into the sub-mesothelial matrix (Fig. 6) . As the primary tumor and both suspended and anchored metastatic cells maintain contact with sE-cad-rich ascites, it is interesting to hypothesize that the sE-cad-rich ovarian tumor microenvironment may encourage further disaggregation of cells from the primary tumor or ascitic cancer cell spheroids, thereby inducing a more mesenchymal phenotype, resulting in enhanced intraperitoneal anchoring to facilitate metastatic dissemination. -38) , N-cadherin (Zymed 33-3900), keratin-8 (USBiologicals K0199-10) or vimentin (Chemicon CBL202), followed by incubation with a peroxidase-conjugated secondary antibody and ECL detection. IOSE = IOSE 398, ovarian surface epithelium immortalized with SV40 T antigen [109] . Note that the heterogeneity of epithelial (E-cadherin, keratin) and mesenchymal (N-cadherin, vimentin) markers mirrors that observed in human tumors (Fig. 3) It is becoming apparent that MET and re-establishment of epithelial characteristics is important to the later stages of metastasis and colonization of distant sites [32, 33, 39, 83] . However the MET of ovarian cancer occurs early in disease progression, suggesting that this event confers a competitive advantage on tumor cells such as enhanced cell survival. In rat and human OSE, disruption of N-cadherinmediated cell-cell contacts induces apoptosis, suggesting that N-cadherin plays a role in the control of OSE survival during ovulation [84] . Similarly, gain of E-cadherin-mediated cell-cell adhesion is proposed to promote survival of metastatic ovarian tumor cells. A hallmark of ovarian cancer is dispersal of tumor cells from the ovary into the peritoneal cavity where they contribute to the formation of ascites. Malignant ascites accumulates in advanced ovarian carcinoma and contains a population of non-adherent tumor cells that exist singly and as multicellular aggregates (MCAs) or spheroids (depicted in Fig. 2 ) ranging in size from 30-200 um in diameter [85] . Although originally considered a non-adhesive subset of ovarian tumor cells, recent data demonstrate that human ovarian cancer ascitesderived spheroids exhibit integrin-dependent adhesion to mesothelial extracellular matrix and can thereby contribute to intra-peritoneal implantation and metastasis [85, 86] . Acquisition of E-cadherin expression may facilitate MCA formation and subsequent promotion of anchorage-independent growth. Similarly, expression of a dominantnegative E-cadherin in ovarian carcinoma cells disrupted adherens junctions thereby preventing spheroid formation, suggesting that E-cadherin expression contributes to emergence of multicellular aggregation in EOC [87] . Engagement of E-cadherin in cultured ovarian cancer cells leads to PI3-kinase-dependent Akt activation via ligandindependent activation of the epidermal growth factor receptor [88] . In contrast, downregulation of E-cadherin function causes reduced viability, suggesting that proliferation signals downstream of E-cadherin activation contribute to ovarian cancer cell survival. Similar results have been observed in squamous cell carcinoma [89] , hepatoma [90] and Ewing tumor cells [91] .
Together these data suggest that acquisition of E-cadherin-mediated adhesion early in tumor progression may represent a compensatory mechanism to suppress ovarian cancer cell anoikis as cells are shed intra-peritoneally from the primary tumor to enable anchorage-independent growth in ascites. Although E-cadherin expression is generally associated with a non-invasive phenotype, there is evidence that spheroids promote ovarian cancer invasion [85, 86, 92] . Ascites spheroids adhere to mesothelial cells, disaggregate upon contact with ECM components or a mesothelial monolayer, and in some cases invade, suggesting that spheroid formation plays an important function in ovarian cancer dissemination.
Spheroid cultures exhibit a property termed ''multicellular resistance'' [93, 94] , displaying decreased susceptibility to radiation and chemotherapy similar to that observed in solid tumors in vivo (reviewed in [95] [96] [97] ). This phenomenon has been attributed to limited drug penetration, reduced fractions of proliferating cells, and enhanced resistance to detachment-induced apoptosis (anoikis) [98] . Disruption of E-cadherin-mediated cell adhesion in spheroids sensitizes tumor cells to chemotherapeutic agents [91, 94] . This property of chemoresistance is also observed in ovarian tumor spheroids. Thus the acquisition of E-cadherin early in ovarian cancer confers survival following dispersal from the primary tumor and likely contributes to resistance to therapeutic interventions.
Summary and conclusions
A hallmark of ovarian cancer metastasis is dissemination by exfoliation of cells from the primary tumor into the abdomino-pelvic cavity. This imposes challenges to tumor cell survival because these metastatic cells must escape anoikis. There is evidence that the unique cadherin profiles of EOC in tumor progression, resulting in an initial mesenchymal to epithelial transition with concomitant gain of E-cadherin expression, may be advantageous in the unique ovarian tumor microenvironment. This early gain of E-cadherin may promote ovarian tumor cell survival in ascites as multi-cellular aggregates and foster adhesion to and invasion of the mesothelium. There is also emerging evidence that MCAs are chemoresistant, providing further complications to patient treatment. Collectively, published data suggest a loss of E-cadherin with tumor progression and in metastatic lesions, but our findings demonstrate that a significant fraction (approximately one third) of serous and endometroid tumors co-express E-cadherin and N-cadherin. The role of N-cadherin in in these histotypes is unclear at this time.
Additionally, it is unknown to what extent the loss of E-cadherin is due to epigenetic, transcriptional and/or posttranscriptional mechanisms. Interestingly, factors in the ovarian tumor microenvironment such as lysophosphatidic acid and ligands for the epidermal growth factor receptor down-regulate E-cadherin and modulate cell adhesion [99] [100] [101] [102] . This is due, in part, to production of matrix metalloproteinases (MMPs) that cleave E-cadherin [82, [103] [104] [105] [106] , and we and others have reported that MMPs are abundant in the ascities of ovarian cancer patients [9, 107, 108] . Another novel mechanism for down-regulation of E-cadherin occurs upon integrin engagement leading to MMP-9 production and E-cadherin ectodomain generation [82] . The ectodomain itself becomes part of the ovarian tumor microenvironment and has been detected in patient ascites. We find that this E-cadherin fragment can disrupt adherens junctions [82] , raising the intriguing possibility that the ovarian tumor microenvironment is pivotal in the MET to EMT that occurs later in EOC progression. Thus, while evaluation of E-cadherin expression by immunohistochemistry may detect overall changes in total protein, loss of adhesive function through post-translational mechanisms such as cleavage or trafficking may play a key role in regulation of ovarian tumor cell behavior in vivo and will require further investigation.
